Center develops and promotes effective corporate and public policies for low-probability events with potentially catastrophic consequences through the integration of risk assessment, and risk perception with risk management strategies. Natural disasters, technological hazards, and national and international security issues (e.g., terrorism risk insurance markets, protection of critical infrastructure, global security) are among the extreme events that are the focus of the Center's research.
I. Introduction
Punishment can be used to enforce cooperation in social dilemma situations (Yamagishi, 1986; Ostrom et al., 1992) . Controlled laboratory experiments reveal that individuals are often willing to incur costs to punish defectors, even in non-repeated interactions, and that this willingness to punish can be strong enough to enforce cooperation by others (Fehr and Gächter, 2000) . These studies on punishment have focused on deterministic outcome environments where agents' actions determine the outcomes with certainty. In reality, however, outcomes in social dilemmas are often determined not only by agents' actions but also by external uncertainty (Bereby-Meyer and Roth, 2006; Kunreuther et al., 2009) . Such stochastic social dilemmas include a wide variety of problems involving interdependent risks in naturally-occurring environments such as airlines investing in security measures, divisions of firms undertaking risk-reducing measures to avoid a catastrophic loss that may cause the entire firm to go bankrupt, and apartment dwellers investing in fire sprinklers.
In these stochastic social dilemmas, an agent often must decide whether to incur the costs of reducing its risk of experiencing a negative outcome, knowing that even if the agent invested in a risk-reducing measure, it may still face the chance of an indirect loss if others have chosen not to follow suit. In the airline security problem, when one airline invests in baggage security, it still faces the risk of dangerous luggage transferred from other airlines unless it inspects all transferred bags (Heal and Kunreuther, 2005 ). An important feature of the stochastic social dilemmas is that when an agent doesn't undertake protective measures it may or may not suffer a loss due to the stochastic nature of the negative event. In fact, total payoffs will be the highest when everyone defects by choosing not to invest and if the negative outcome never occurs. We hypothesize that this feature of a stochastic social dilemma is important when considering the design of institutions to enforce cooperation, as we will elaborate below.
To understand how people punish others when there is an external outcome uncertainty, we study the impact of punishment on cooperative behavior in a two-person stochastic prisoner's dilemma game (SPD) where the outcomes of alternative strategies are specified probabilistically.
In this SPD game, two agents determine whether to incur a cost to invest in protection so as to reduce the risk of losses due to the occurrence of a particular negative event. We compare behavior in this environment with actions taken in a two-person deterministic prisoner's dilemma (DPD) game where the certain loss in the DPD game is approximately the same as the expected loss [E(L)] from the negative event in the SPD game given the actions of each player.
In both games, the negative event will not occur if both players invest. In the DPD game, both players will suffer losses whenever one player does not invest. In the SPD game there is a well-specified probability that neither player will experience a loss even if they both decide not to invest in protection. It is important to note that the type of stochastic social dilemma situations studied in this paper differs from those situations where there is uncertainty on the information regarding what other agents have done due to imperfect monitoring (Aoyagi and Fréchette, 2009; Ambrus and Greiner, forthcoming; Grechenig et al., 2010; Patel et al., 2010; Fudenberg et al., 2012) . In our experiment, there is perfect monitoring in that an agent knows what actions others have taken.
1 As we elaborate in more detail in the Literature Review (section II), the outcome uncertainty affects the punishment mechanism via different channels than behavior uncertainty.
Although numerous studies have argued that introducing peer punishment can enhance cooperation in social dilemmas (Fehr and Gächter, 2000; Ostrom et al., 1992; Yamagishi, 1988) , recent research has also revealed that the unconstrained peer punishment mechanism has its limitations due to the possibility of anti-social punishment (that is, punishing cooperators) and retaliatory behavior by those who are punished. 2 , 3 For example, Herrmann et al. (2008) investigate the peer punishment mechanism in public goods games using 16 different subject pools from different cities around the world such as Zurich, Seoul and Boston. Their data show that peer punishment may not be an effective means of enforcing cooperation if the cooperators are not protected from being punished. For this reason, attention has recently been focused on designing more restricted punishment mechanisms where anti-social punishment is constrained in the context of deterministic social dilemma problems (Casari and Luini, 2009; Ertan et al., 2009; Faillo et al., 2010) .
1 Some of the previous studies on imperfect monitoring also introduce noise with regard to the agents' payoff outcomes. (Aoyagi and Fréchette, 2009; Fudenberg et al., 2012) 2 See Casari and Luini, 2009; Cinyabuguma et al., 2006; Denant-Boèmont et al., 2007; Dreber et al., 2008; Falk et al., 2005; Herrmann et al., 2008; Nikiforakis, 2008; Rand et al., 2010; Wu et al, 2009; Gächter et al., 2010; Gächter and Herrmann, 2011; Rand and Nowak, 2011. 3 Recent research on incentives also point out other mechanisms that may cause sanctions to backfire. For example, external incentives may crowd out intrinsic motivation (Ariely et al., 2009; Falk and Kosfeld, 2006; Fehr and Falk, 2002; Fehr and List, 2004; Fehr and Rockenbach, 2003; Frey and Oberholzer-Gee, 1997; Fuster and Meier, 2009; Gneezy and Rustichini, 2000; Herrmann et al., 2008; Houser et al., 2008 ; also see Gneezy et al., 2011 for a review).
In view of these previous studies on punishment, we compare the effectiveness of two punishment options in SPD and DPD supergames with a pre-specified number of periods. In Option 1, each person can incur a cost to punish her counterpart at the end of any given period after learning what strategy the counterpart pursued in that period and the resulting outcomes to both players (henceforth BothPun). In Option 2, only an individual investing in protection is allowed to incur a cost to punish a counterpart who has not invested in protection in that period (henceforth InvPun). The InvPun mechanism studied in this paper reflects how punishment is applied in many real world settings. For example, in formal contractual relationships when one individual reneges on his obligation, the legal system always gives the victim the right to punish the defector.
This paper contends that peer punishment mechanisms, even if they are restricted, can be less effective in promoting cooperation in the stochastic social dilemma game than in the standard (deterministic) social dilemma game because it is less clear what actions should be punished when the outcomes from one's actions involve external uncertainty. The reason is that in a stochastic environment, one's non-cooperative behavior does not necessarily lead to bad outcomes, in which case it does not impose an explicit cost on the other person. Previous studies have shown that punishment decisions are correlated with norm violations (Fehr and Gächter, 2000; Fershtman and Gneezy, 2001; Bicchieri, 2006; Xiao, 2011) . In the stochastic environment, however, the outcome uncertainty may lead to normative conflict as more than one norm may exist regarding how one should behave. For example, some may think that airlines should take the risk and save the cost of investing in baggage security. Others may think that airlines should invest in baggage security to avoid the risk of a negative event. Previous research has shown that a punishment mechanism is less effective in promoting cooperation when normative conflict exists (Reuben and Riedl, 2011; Nikiforakis et al., forthcoming) Punishment decisions are also related to the perceived negative intentions of the decision makers. In a stochastic environment, an individual may interpret non-cooperative behavior as risk-taking rather than an indication of negative intentions. The diminished perception of negative intentions can reduce punishment toward non-cooperative behavior (Blount, 1995; Nelson, 2002; Offerman, 2002; Charness and Levine, 2007; Cushman et al., 2009 ).
Supporting our hypothesis, we find non-investors are less likely to be punished in SPD games than DPD games. As a result, although InvPun mechanism is more effective than the BothPun mechanism in promoting cooperation, it is less effective in SPD games than DPD games. Interestingly, we do not observe differences in the effectiveness of the BothPun mechanism in SPD games and DPD games. In particular, we find that BothPun does not significantly increase cooperation in either game. One explanation is that the BothPun mechanism leads to retaliation toward the punisher in ourexperiment, and less punishment means less retaliation. Therefore, less punishment does not necessarily lead to less cooperation. Our data also suggest that the occurrence of the negative event does not affect agents' punishment decisions in our setting. We discuss the policy implications of our findings at the end of the paper.
II. Literature Review

A. Stochastic social dilemma games
Uncertainty can influence the outcomes of stochastic social dilemma games in two ways: 1) when more than two players are involved (as in public goods environments), one cannot determine a specific counterpart's behavior based solely on the outcomes, or 2) agents' payoffs are affected by external risk as well as agents' actions as illustrated by the airline baggage security problem discussed above.
The effectiveness of punishment on the first type of uncertainty has recently received much attention in the economic literature with most research focusing on unrestricted peer punishment mechanisms (similar to BothPun). For example, Ambrus and Greiner (forthcoming) study the effect of punishment in a repeated public goods game when a subject is given information on the probability that his two counterparts took a certain action but does not know which of the two counterparts did not cooperate. They find costly peer punishment is less effective when each individual's behavior is revealed with some noise than when it is known with certainty. Grechenig et al. (2010) had a similar result. Patel et al. (2010) show that the peer punishment mechanism is less effective when there is uncertainty regarding who is a free-rider in a public goods game. Bornstein and Weisel (2010) show that punishment opportunities are not effective in promoting cooperation when information about individual endowments is incomplete in public goods games. Since the behavior of the counterpart is not known with certainty, cooperators are more likely and/or free riders are less likely to be punished than in social dilemmas without noise.
The above studies cannot inform the effectiveness of peer punishment in the second type of stochastic social dilemmas where agents' behavior is transparent but there is uncertainty related to the outcome. Furthermore, these studies did not compare the effect of uncertainty on the effectiveness of unrestricted and restricted punishment mechanisms as in our studies.
Bereby-Meyer and Roth (2006) studied games with outcome uncertainties (probabilistic PD games) and compared them with deterministic PD games. They focus on learning effects and argue that due to the noise of the payoffs, people learn to cooperate more slowly in the repeated probabilistic PD game than in the repeated deterministic PD game. Bereby-Meyer and Roth did not look at the effectiveness of punishment when there is uncertainty due to external risk. This is the focus of our paper.
B. Restricted vs. unrestricted peer punishment mechanisms and cooperation
There is a large body of research on how introducing peer punishment can enforce cooperation (Yamagishi, 1986 (Yamagishi, , 1988 Ostrom et al., 1992; Fehr and Gächter, 2000; Dickinson, 2001; Andreoni et al., 2003; Fehr and Fischbacher, 2004; Fowler, 2005; Xiao and Houser, 2005. 2011; Carpenter, 2007; Sefton et al., 2007; Houser et. al., 2008 ; also see Chaudhuri (2011) for a review).
Recently, researchers have drawn attention to the possibility of anti-social punishment and retaliation toward punishers when group members have the freedom to decide whether and who they want to punish as long as they are willing to pay the cost (Cinyabuguma et al., 2006; Dreber et al., 2008; Falk et al., 2005; Denant-Boèmont et al., 2007; Herrmann et al., 2008; Nikiforakis, 2008; Nikiforakis and Engelmann, 2011; Rand et al., 2010) . Others have argued that to improve the effectiveness of punishment, it is important to restrict those who have the ability to punish (Herrmann et al., 2008) . A body of research examined various forms of restricted punishment mechanisms (all in a deterministic environment) and suggests that punishment is more effective at promoting cooperation when it precludes the possibility of anti-social punishment that may emerge under the unrestricted punishment mechanism similar to the BothPun option. For example, Casari and Luini (2009) investigated a "consensual institution" in a public goods game whereby a request to punish a specific group member will be implemented only if at least two agents request such a punishment. Ertan at al. (2009) studied a public goods game where subjects can vote on who should be punished and found that this mechanism can promote cooperation compared with a procedure where there were no restrictions placed on who could be punished. Faillo et al. (2010) conducted a repeated public goods experiment where a person could punish only those who contributed less than he or she had contributed. They found that the level of cooperation doubled compared with unrestricted punishment. Casari and Plott (2003) studied a mechanism where subjects could decide whether to pay a cost to monitor others, and free-riders would be punished once discovered. They found this mechanism doubled the group's total earnings compared to when no sanction was imposed. Andreoni and Gee (forthcoming) study a "hired guy mechanism" in a public goods environment and show that people are willing to pay to introduce a delegated policing mechanism that punishes only the lowest contributor and this mechanism can avoid revenge and increase social welfare.
All these studies focus on deterministic environments and show how restricting the freedom of punishment in a certain way can improve effectiveness of the punishment mechanism.
We show in this paper that when there is external uncertainty related to the outcome, a restricted punishment mechanism, InvPun, is less effective in promoting cooperation in an SPD setting than it is in a deterministic setting although still much more effective than the unrestricted punishment mechanism, BothPun.
III. Experiment
Design
As shown in Table 1 , our experiment consists of six treatments determined by the baseline case and two punishment mechanisms applied to either a DPD game or an SPD game. The numbers of pairs and sessions in each treatment are given in parentheses. In each treatment, subjects are told that they will anonymously play with the same person for 10 periods, after which they will be matched with a different participant to play the same game for another 10 periods.
Baseline cases without punishment In the baseline SPD game, two subjects are paired and play together for 10 periods. At the beginning of each period, each subject is given 48 talers (2 talers = $1). The two players must make a decision simultaneously on whether to invest in a riskreduction measure to prevent a random negative event (with a loss of 24 talers). If both players choose to INVEST, then the negative event will not happen. The investment cost to each player is 12 talers. If only one player invests, then there is a 40% chance that the negative event will
happen. In other words, there is a 40% chance the investor will lose 36 talers and the noninvestor will lose 24 talers, and there is a 60% chance that the investor will lose 12 talers and the non-investor will lose 0 talers. If both choose to NOT INVEST, then there is a 64% chance that the negative event will happen, in which case each player will lose 24 talers. Thus, there is a 36%
chance that each will lose 0 talers in this situation. We chose these parameters because, based on previous results on SPD games (see Kunreuther, et. al. 2009 ), the cooperation level is not very high in this setting. It thus allows us to investigate how punishment mechanisms may promote cooperation.
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In a DPD game without punishment treatment, the known losses are the expected losses of the corresponding scenario of the SPD game. 
Treatments with Punishment
In the DPD_BothPun treatment, after each agent makes a decision on whether or not to invest, she sees the counterpart's decision and her own current payoff. She then decides whether to punish the counterpart. The DPD_InvPun treatment differs from the DPD_BothPun treatment in that only those who have invested can punish a counterpart if the counterpart has not invested.
In the SPD_BothPun treatment, agents decide whether or not to punish their counterparts after they are informed of their counterpart's decision and whether or not the negative event occurred. We reveal the outcome of the negative event to the subjects before they make the punishment decision because it allows us to examine whether the punishment decision depends on whether or not the negative event occurred. In the SPD_InvPun treatment, an agent who invested can, after being informed whether or not the negative event occurred, determine whether or not to punish her counterpart, but only if the counterpart has not invested.
In all the punishment treatments, subjects must determine whether to punish the other person, and if so by how much, before learning about their counterpart's punishment decision.
In each period, a punisher can have up to 24 talers deducted from the counterpart's payoff.
Every 3 talers deducted from the counterpart costs the punisher 1 taler. In the BothPun treatments, subjects might have negative earnings in one or more periods. In this case, they are told that their earnings for that period were zero. At the end of each period, each subject learns what her earnings were in that period and whether her counterpart inflicted any punishment, and if so, its severity.
Procedure
We conducted the experiment at the Behavioral Lab at the Wharton School, University of Pennsylvania by recruiting 310 subjects from the general student population at the University of Pennsylvania. Each subject participated in only one treatment. The experiment was conducted using Z-tree (Fischbacher, 2007) . Subjects were told that, in addition to a fix payment of $10, one pair would be randomly selected at the end of the experiment and would receive their actual payments from a single period that was also randomly chosen. 6 Each subject was randomly assigned to one computer terminal. Before the experiment started, each subject completed an exercise to make sure he or she understood the payoffs under different strategies.
IV. Hypotheses
Hypothesis 1: The BothPun mechanism is less effective than the InvPun mechanism in promoting cooperation in both an DPD and SPD game.
Unlike the public goods game with punishment opportunities, where subjects are often unsure about who punished them (Fehr and Gächter, 2000; Herrmann et al., 2008) , those who receive punishment in two-player PD games always know who punished them. This knowledge may lead to more retaliation than in a game where there are two or more counterparts.
Furthermore, retaliatory punishment may lead to anti-social punishment where cooperators are punished when they inflict punishment on others (Falk et al., 2005; Herrmann et al., 2008; Nikiforakis, 2008; Dreber et al., 2008; Rand et al., 2010) .
In a repeated game, the punishment opportunity under the BothPun mechanism has a dual role: norm enforcing and retaliation. An individual is more likely to cooperate when she expects her counterpart to incur costs for punishing non-cooperative behavior (i.e., norm-enforcing impacts). However, being punished can also lead to retaliation against the punisher. This retaliatory punishment can lead to less cooperation. The BothPun mechanism thus leads to less cooperation than in the baseline case with no punishment if the detrimental effect of retaliatory punishment is greater than the positive norm-enforcing effect of punishment. In contrast, the InvPun mechanism places constraints on anti-social and retaliatory punishments. Under this mechanism, for a person to retaliate, one has to first cooperate. We thus hypothesize that InvPun will promote greater cooperation than the baseline treatment where no punishment is allowed, and also, greater cooperation than the BothPun mechanism. Previous social dilemma studies with deterministic outcomes show that the noncooperators are much more likely to be punished than cooperators (Feher and Gäcther, 2002) . In those studies, like the DPD game, non-cooperative decisions will reduce the payoff for the group.
In an SPD game, however, non-cooperative behavior (in our experiment, to not invest) does not necessarily lead to lower earnings. In fact, both individuals earn the highest payoff if neither invests and the negative event does not occur. We hypothesize that, compared to a DPD game, this feature of an SPD game makes it less clear whether a person should be punished for not investing for the following reasons:
First, previous research has shown that normative conflict can influence the effectiveness of punishment mechanisms in enforcing cooperation (Reuben and Riedl, 2011; forthcoming). Normative conflict may arise in an SPD game due to outcome uncertainty. In particular, some people may approve of risk-taking behavior and view the decision to not invest as optimal whether or not other agents decided to invest in protection since agents may be spared losses even if they do not undertake these measures. Others are likely to view non-investment behavior as inappropriate since they are more likely to suffer large losses than if their counterpart had invested in protective measures. Second, the decision to punish is found to be positively correlated with perceived negative intentions of the counterpart (Blount, 1995; Nelson, 2002; Offerman, 2002; Charness and Levine, 2007) . The outcome uncertainty in the SPD game clouds the intentions underlying the non-investment decisions of the counterpart in the SPD game: noncooperative behavior might simply reflect risk preferences and agents do not know their counterpart's risk preference. In contrast, a non-cooperative decision in a DPD game clearly reveals the individual's intention.
More specifically, we hypothesize that under the BothPun mechanism in a DPD game, non-investors are more likely to be punished than investors. However, the difference in the probability of being punished when one invested and when one did not invest is smaller in the SPD game than the DPD game. Under the InvPun mechanism, non-investors are less likely to be punished in the SPD game as compared with those in the DPD game.
We next discuss the implication of these two hypotheses on the effectiveness of the two punishment mechanisms in SPD and DPD games.
Based on our discussion of Hypothesis 1, the difference in punishment behavior between SPD and DPD environments may have a dual impact on the effectiveness of the BothPun punishment mechanism in promoting cooperation. More specifically, less implementation of punishment on non-investors may diminish the norm-enforcing function of punishment but it can also lead to less retaliation, which can help maintain cooperation. Thus, the relative effectiveness of punishment in enforcing cooperation under the BothPun mechanism depends on the magnitude of the two effects in the SPD and DPD games.
In contrast, the InvPun mechanism places constraints on anti-social and retaliatory punishments. We expect that when subjects are less likely to punish their counterparts who did not invest, the norm-enforcing function of punishment will be diminished. Therefore, we predict that the InvPun mechanism is less effective in promoting cooperation in the SPD game than in a DPD game because a non-investor is less likely to be punished when outcomes are stochastic than when they are known with certainty.
intentions may not correlate with their own risk preference but rather their belief about the counterpart's risk preference. In this paper, we focus on the behavioral consequences of outcome uncertainty in a repeated interaction and provide behavioral evidence supporting our hypothesis on how outcome uncertainty affects the punishment decisions. Future studies (probably based on a one-shot SPD game) would be valuable to investigate the correlation between subjects' risk preferences and their perception of the norm; subjects' belief of the counterparts' risk preference and their belief regarding the intention of their counterparts' behavior.
V. Results
Each subject played the supergame with one partner for 10 periods and with a different partner for another 10 periods. Data in both 10-period sequences support our hypotheses, although we observe some differences between the two sequences. Here, we report the results from the data in the first 10 periods where subjects did not have any experience.
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We first report the aggregate analysis of investment rate in each treatment, then investigate how subjects make their punishment decisions and how investment decisions are affected by punishment in the previous period. Figure 1 plots the dynamics of investment rates over time in each treatment. It shows that in both the DPD and SPD environments, the InvPun mechanism achieves a significantly higher cooperation rate in almost every period than the BothPun mechanism. Table 3 reports the average investment rate in each treatment. Supporting Hypothesis 1, In the DPD and SPD contexts, the BothPun and InvPun mechanisms increase the average investment rate compared to the baseline treatment, but only the increase under the InvPun mechanism is statistically significant (see Mann-Whitney test results in Table 3 ). 8 Data analysis and results of the second 10 periods are reported in an earlier version of this paper and are available on request. 9 Previous studies often show that unrestricted punishment can promote cooperation in public goods environments although restricted ones are more effective. The ineffectiveness of BothPun in promoting cooperation in our studies may be caused by the large amount of retaliatory and anti-social punishment that occurred in the experiment as we report below. Unlike a public goods game, in a two-person PD game, it is his/her counterpart who imposed the punishment. The Dreber et al. (2008) study is probably the most directly comparable to our study; they find a substantial increase in cooperation when punishment is allowed. However, their design differs from ours in that subjects can choose either to punish or defect in the next round while subjects in our study can choose both to punish and defect which may lead to a more intensive retaliatory environment. approximately the same. We conducted a Tobit regression analysis using each pair's average investment rate over the 10 periods as the dependent variable and the six treatments' dummy variables as the independent variables. The regression result is reported in Table 4 . We find the difference between the coefficients of SPD_InvPun and SPD significantly differs from that between the coefficients of DPD_InvPun and DPD (F-test, p=0.04). These results provide evidence that the InvPun mechanism is more effective in promoting cooperation in a DPD game than in an SPD game. Such differences in the cooperation rate between a DPD and a SPD game are not observed under the BothPun mechanism (F-test, p=0.70).
Aggregate analysis
We also examine whether punishment mechanisms promote efficiency by comparing average earnings with the corresponding baseline treatment. The data is reported in Table 3 . We find that in SPD and DPD games, the earnings are about the same when punishment is available as when it is not. In particular, the average earnings (in talers) is 33.3 in SPD and 30.9 in SPD_BothPun, and 33.1 in SPD_InvPun. None of the pairwise comparisons is significant (Mann-Whitney test, p>0.10). Similarly, the average earnings (in talers) in DPD is 33.5, 30.8 in DPD_BothPun and 33.6 in DPD_InvPun. None of the pairwise comparisons is significant (Mann-Whitney test, p>0.10). This suggests that even though the restricted punishment mechanism is more effective in promoting cooperation, the benefit from punishment implementation does not exceed its cost. Table 5 reports descriptive data of punishment decisions in the SPD and DPD games. The data suggests a substantial amount of punishment behavior in all treatments.
Individual analyses of punishment decisions
Descriptive analyses
Punishment tends to be much less frequent and severe in the InvPun mechanism than in the BothPun mechanism.
Figure 2 plots the percentage of investors/non-investors who received punishment in each treatment. We separate the case when the subject punished the counterpart in the previous period from the case when she did not. 10 The comparison of these two cases within each treatment indicates to what degree punishment may be triggered by retaliation. Figure 2 shows that, in the BothPun option, the frequency of receiving punishment is much higher when one punished the counterpart in the previous period than when one did not punish the counterpart, but this is not the case in the InvPun option for both the DPD and SPD games. Thus our data show that the InvPun mechanism significantly reduces retaliatory punishment. For example, in the SPD_BothPun treatment when subjects did not invest, they are punished 70% of the time (42 of 60 cases) if they inflicted punishment on their counterparts in the previous period. In contrast, if the non-investors did not punish their counterparts in the previous period, they are punished only 8% of the time (19 of 239 cases). This difference suggests that the implementation of punishment is dominated by retaliatory motives. of the time (31 of 41 cases) in period t in the SPD_BothPun treatment. 10 We also tried to analyze the data further to separate the cases when the individual invested in the previous round from when she did not. However, under such a classification, we had fewer than 10 observations in some cells. Moreover, the data does not provide much new information.
Regression analyses Statistical evidence for the presence of retaliatory punishment is provided by a random individual effect ordered probit regression analysis of punishment decisions. We find an individual is significantly more likely to punish her counterpart when she was punished in the previous period (chi-square test, p<0.01, see Appendix A Table A-1 for the regression result).
One potential difference between SPD and DPD games is that non-cooperators may receive less punishment in the SPD game if individuals' decisions on whether to impose a costly punishment depend on whether they experienced a negative outcome due to outcome bias (see Baron and Hershey,1988; Cushman et al., 2009) . To examine this, we calculate the frequency of punishment when a loss occurred and when it did not in an SPD game. In the SPD_BothPun treatment, following the occurrence of a negative event, the frequency of punishment is 17% compared to 19% when the negative event did not happen. In the SPD_InvPun treatment, for the cases where one invested and the counterpart did not invest, about 62% investors punished the non-investor counterpart when the negative event occurred and about 53% investors did so when the negative event did not occur. We conducted a random individual effect ordered probit regression analysis of individuals' punishment decisions and found the occurrence of a loss does not have a significant effect on the punishment decisions (see Appendix A Table A-2 for the   regression results) . 11 This result suggests that an outcome bias in judgment and choices does not necessarily extend to punishment decisions in the repeated stochastic social dilemma environments.
11 We also undertook non-parametric tests; the results are consistent with the regression results. For each group, we calculated the average expenses subjects paid to punish the counterpart during the 10 periods for each of the six scenarios specified in the Table A-2 regression (1) or the two scenarios (negative event occurred or not) specified in Table A -2 regression (2). We found the occurrence of the negative event does not have a significant effect on punishment decisions (Wilcoxon sign-ranked tests, p>0.05).
One possible explanation is that, as we discussed Hypothesis 2, due to the uncertainty of a negative outcome in SPD game, there might be a normative conflict so that it is less clear whether an Invest or Not Invest decision should be punished in the SPD environments. That is, in the stochastic environment, people may interpret defection as risk-taking rather than a norm violation or an indication of negative intentions. Thus, even if the outcome bias leads people to think the non-cooperative decision is worse when the bad outcome occurs, it may not change their preference on punishment as it is just considered risk-taking behavior rather than being morally wrong.
To test Hypothesis 2, we compare the difference in the proportion of subjects being punished when they invested and when they did not invest in the SPD and DPD environments in the BothPun case In the InvPun mechanism only non-investors can be punished and therefore, we compare only the fraction of non-investors who are punished in the SPD and DPD environments. About 31% of non-investors and 8% investors were punished in DPD_BothPun.
The difference in the fraction of subjects being punished when they invested and when they did not invest is much smaller in the SPD_BothPun treatment (21% non-investors and 16% investors are punished). Under the InvPun mechanism, when the counterpart did not invest, about 86% in the DPD game and only 56% in the SPD game were punished.
To provide statistical evidence for the difference in punishment behavior between SPD and DPD games using the subject's punishment amount as the dependent variable, we conducted a random individual effect ordered probit regression analysis in SPD_BothPun and DPD_BothPun. We use three categories in order to ensure that the number of observations in each cell is sufficiently large. The dependent variable is (CPunAmtReceived i,t ) which equals: (i) "0" if subject i received no punishment; (ii) "1" if subject i received a positive punishment amount that is no more than 12; (iii) "2" if subject i received punishment exceeding 12. We include the subject's investment decision as the independent variable (Inv i,t and NotInv i,t ) and allow different coefficients for each treatment (SPD_BothPun or DPD_BothPun). Given the results of retaliatory punishment above, we also allow different coefficients for the cases when the subject punished the counterpart in the previous period (Punisher i,t-1 =1) and those where she did not (NPunisher i,t-1 =1) (see Table 6 Regression (1) 12 We also tried regressions that control for group effect. For example, we conducted random individual effect OLS regression analysis of punishment amount received using standard error clustering on pairs. (We ran the regressions using STATA,; this software does not allow clustering in a random individual effect ordered probit regression). We still find non-investors are less likely to be punished in SPD environments and DPD environments (chi-square tests, one tail, p<0.01 for the comparison between SPD_BothPun and DPD_BothPun; p=0.03 for the comparison between SPD_InvPun and DPD_InvPun). We also added the counterpart's punishment and investment decisions in the previous period in the random individual effect ordered probit regression and the difference is still significant (chisquare tests, one tail, p<0.01). We ran a similar regression analysis to compare the punishment amount received by noninvestors between the SPD_InvPun and DPD_InvPun treatments (see Table 6 Regression (2)).
Since in these two treatments, only non-investors can be punished and only when their counterpart invested, we include only those observations when subject i did not invest and her counterpart invested in period t. We find again that when subjects did not punish the counterpart in the previous period, non-investors are less likely to be punished in the SPD_InvPun than the DPD_InvPun treatment. More specifically, the coefficient of "NPunisher i,t-1 * SPD_InvPun" is significantly smaller than that of "NPunisher i,t-1 * DPD_InvPun" (0.15 vs. 1.51, chi-square test, p<0.01). Thus, the results from InvPun treatments also support Hypothesis 2.
In summary, consistent with previous studies (Nikiforakis, 2008; Dreber et al., 2008) we find evidence of retaliating punishment in DPD games. In addition, we find retaliating punishment also occurs in SPD games. Interestingly, the occurrence of the negative event does not affect punishment decisions. More importantly, supporting our hypothesis, the punishment behavior suggests that it is less clear what behavior should be punished in the SPD environment than in the DPD environment.
Effect of punishment on investment
We ran a random individual effect probit regression analysis of each individual's investment decision in period t for each punishment treatment. The independent variables include whether the individual i invested in period t-1(Inv i, t-1 ), whether the counterpart invested in period t-1 (CtpInv i,t-1 ), and the amount of punishment that individual i received in the period t-1 (PunAmtReceived i, t-1 ). As we pointed out earlier, punishment may have a detrimental effect when it is anti-social (i.e., punishment is imposed on the investors); therefore, we allow the investor and the non-investor to have different coefficients for this variable (NotInv i,t-1 * PunAmtReceived i, t-1 and Inv i, t-1 * PunAmtReceived i, t-1 ) in the BothPun treatment for the SPD and DPD games. We first ran the regression including all the above variables, a period variable and the dummy of the end period. Since these last two variables are not significant and they do not change the conclusions detailed below, we report only the regression result of the model that does not include the period variables.
14 The regression results reported in Table 7 suggests that the coefficient of "Inv i,t-1 * PunAmtReceived i, t-1 " (i.e., the amount of punishment subject i received in the previous period when she invested) is significantly negative in both the SPD_BothPun and DPD_BothPun treatments (p<0.01). This implies that under the BothPun mechanism, the larger the punishment incurred in period t-1 when a person invested, the less likely the person will invest in period t.
On the other hand, as shown in Table 7 , if one did not invest in period t-1, the punishment amount does not have any significant positive effect on investment decisions in period t. More specifically, the coefficient of NotInv i,t-1 * PunAmtReceived i, t-1 in the SPD_BothPun (0.01) is not significant and, in fact, it is marginally significantly negative in the DPD_BothPun treatment (-0.03). In contrast, the coefficient of PunAmtReceived i, t-1 is positive in both the SPD_InvPun and DPD_InvPun treatments although it is significant only in the SPD_InvPun treatment (p=0.04).
VI. Conclusion
14
These regression models control for group effect in that all four models include the counterpart's investment decisions and their punishment decisions in the previous period. We also undertook random individual effect OLS regression analysis of the investment decision using standard error clustering on pairs. We find the coefficient of Inv i, t-1 *PunAmtReceived i, t-1 is still significantly negative in the DPD_BothPun treatment (p<0.01) although it is not significant in the SPD_BothPun treatment. Also, the coefficient of "PunAmtReceived i, t-1 " is significantly positive in the SPD_InvPun treatment (p=0.04).
We conducted experiments to investigate the impact of peer punishment on promoting cooperation in stochastic social dilemma environments where the payoffs are decided not only by agents' behavior, but also by some exogenous uncertainty. In particular, we studied two types of punishment mechanisms: an unrestricted one where both individuals can punish (BothPun) and a restricted one where only investors can punish non-investors (InvPun) and compared behavior with a baseline case of no punishment. We find the InvPun treatment increases cooperation relative to the baseline case and the BothPun treatment in the DPD and SPD games.
However, the InvPun mechanism is less effective when there is external uncertainty related to the outcome.
Our study contributes to the understanding of how exogenous outcome uncertainty affects people's decisions in imposing and reacting to peer punishment. We provide supporting evidence for the hypothesis that non-investors are less likely to be punished in a more realistic stochastic environment than when outcomes are known with certainty. As a result, although a restricted punishment mechanism where only investors can punish non-investors is more effective for promoting cooperation than the unrestricted punishment in the DPD game, the enhanced effectiveness of punishment mechanism is less significant in the SPD game. This finding suggests that for peer punishment mechanisms to be more effective in a stochastic social dilemma environment, it may not be enough to exclude anti-social punishment. When outcomes are uncertain, it is important to resolve normative conflicts and convey clear normative messages
to the community what behavior is disapproved and should be punished. Future studies are needed to explore how different instruments that help to convey normative messages can be applied with or without punishment mechanisms to enforce cooperation in stochastic social dilemma enviornments.
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See Kunreuther, Meyer and Michel-Kerjan (in press) for more details on why individuals do not invest in protective measures and the rationale for building codes and other regulations to reduce losses from natural disasters. Note: The number in the first parenthesis is the number of pairs in each treatment. (-22, -10) Not Invest (-10, -22) (-15, -15) Note: The left number in each cell is agent i's loss and the right number is agent j's loss. The loss outcomes in the DPD game in each scenario equal the expected value of the losses in the SPD game of the corresponding scenario (we use the integers that are closest to the expected payoffs in SPD game). 
Appendix A. Regression analysis of individual punishment decisions
To provide statistical evidence for the presence of retaliatory punishment, we define a variable (PunExpen i,t ): the amount subject i paid to punish the counterpart in the period t. This variable equals: (i) "0" if the subject did not punish the counterpart; (ii) "1" if the amount the subject paid to punish is positive and does not exceed four (punishment cost ratio of 1:3); and (iii) "2" if the amount paid to punish is greater than four. (We used three categories for punishment decisions in order to ensure that the number of observations in each cell is sufficiently large.) Using this as the dependent variable, we conducted a random individual effect ordered probit regression analysis of punishment decisions.
The independent variables include dummy variables for whether the subject i was punished in period t-1 (Punished i,t-1 and NotPunished i,t-1 ). We allow different coefficients for the case when the counterpart invested in period t and when the counterpart did not invest. The baseline is when subject i was not punished in period t-1 and the counterpart invested in period t. The regression results are reported in (chi-square test, p>0.20) . This suggests that regardless of the investment decisions made by the subject or his counterpart, the occurrence of the negative event does not affect the subject's punishment decision.
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Regression results from Table A-1 also show that the coefficient of "CtpInv i,t *Punished i, t-1 " is not significantly different from that of "CtpNotInv i,t *Punished i, t-1 " in both the SPD_BothPun and DPD_BothPun treatments (1.62 vs. 1.65, 1.97 vs. 1.99, chi-square test, p>0.90). This suggests that when one is punished in the previous period, she is equally likely to punish the counterpart when the counterpart invested as when the counterpart did not invest in the current period. In contrast, the coefficient of "CtpNotInv i,t *NotPunished i, t-1 " is significantly positive in both the SPD_BothPun (0.63) and DPD_BothPun (1.55) treatments ( p< 0.05), implying that when one is not punished in the previous period, she is more likely to punish non-investors than investors in the current period since the baseline case is CtpInv i,t *NotPunished i, t-1
In the SPD_InvPun treatment, since only the investors can punish only the non-investor counterpart, we include only the cases where the individual invested but her counterpart did not invest in the current period and NE i,t is the only independent variable. This regression result is reported in Table A- 2 Regression (2). As shown in Regression (2), the coefficient of NE i,t is also not significant (p>0.20).
Thus the regression results again suggest that the occurrence or absence of a negative event does not have a significant effect on one's punishment decision.
TableA-1. Random individual effect ordered probit regression analysis of punishment decisions in the SPD_BothPun and DPD_BothPun treatments Dependent variable: PunExpen i,t (=0 if subject i did no punish the counterpart; =1 if subject i paid no more than 4 to punish the counterpart; =2 if subject i paid more than 4 to punish the counterpart) SPD_BothPun DPD_BothPun Note: *** significant at 1% level; **significant at 5% level; *significant at 10% level parenthesis is denoted as (i's decision, i's counterpart's decision) i,t in period t; NE i,t =1 if the negative event happened in period t; =0, o.w. *includes only the cases where the individual invested but his/her counterpart did not invest in the current period
